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Introduction 

The release of nitrogen and sulphur oxide:. during coal combustion IS a major environmental 
problem. NO, and SO, ;ire contributor, to ; t L i d  r . i i i i  uhcrc.is N 2 0  is ;I greenhouse' ga' In coal 
cornhustion the iollowiiip stage\ oici ir  I J up id  dcvol;ttil iutioii iollowed by 2 )  igiiition of volatilcs 
and 3 j  the slouer ch;ir giiiificiitioii I I I 'l'ne iiitropcn .iiid d p h u r  \pecici :ire partitioncd into the 
volatiles and the cliar. The i i i i i i i i i i i 7 . i t i o i i  ut the cii\ i roi i i i icnul imp;ict o f  coal combustion by 
improved burner tcchiiulogy ;iiid lluc $:I\ dc,uliiliiiiir:itioii i\ currently underway In the case of 
NO, emis\iunc. the rrtrui i i t i i ig o t  'IOU SO,' miii ici, iii pouer st;ition\ has been undertaken. I n  
these conibu>tioii \y\teiii\,  thc cIi:ir iiitrupeii I, tlic i1i:ijor cuiitributor to NO, eiiiicsions 121. The 
voliitile, are releaxxl iii a zoiie wliers the mygcii ~'oii~'ciitr;itl l i i i i, IOU' :ind the formation o f  niolcculllr 
nitrogen i s  iavoured 'l'hrrciore the rcIc;i\c o i  'iiirogeii :uid ~i i lph i i r  oxidcs during co;d coinbustion 
h:i\ major implicatiom for the riivirniiiiieiit 

The rele;i\e of nitrogen oxide\ 15 cniitrolled to ,111 cxteiit by the combustion conditions but therc are 
also \,triation\ due to cu;il propcriic\ 13.51 111 low SO, huriier\ ; id t l i i id iml  bed combustion. fuel 
nitrogen IS thc major cuiitributor tu NO, t o i i i i :  tiuii 'l'hereiore ;iii tinder:.t;inding of the nitrogen in 
cod  ;tnd i t (  relesw duriiig coiiibu\tiuii I:. ;I 1 iiiip<rt:1iit coiisidcr;ition. Coals are a complex 
hctsrogeneous iiuterial H it11 ;I c r w z - l i i i k d  i i i ~ i ~ ~ i ~ i i i i ~ ) l ~ c ~ i l ~ i r  \tructurc. Thi\ gives rire to problems 
when characterising the coiil Cor coiiihu\tioii purpo,e\. 'I'lii. structural heterogeneity can he 
de\<ribed 31 :I variety o f  IcvcIs. At thc iii;iau\copic IevcI co:iI\ i i iay h a i e  ii hmdcd ztmcture. At the 
niicrmcoplc l eve l  the htructiire i i iay  he dex r ih rd  #I\ iiiicro:.copic coiiiponentc. macerills or 
awciat ions o f  ni:icer:iI\ which :ire temied iiii:iulithutype\. M:iccriil\ can be separuted and have 
di\:inct physical Jnd chcinical propertie\. ior e\:tiiiplz. vol : i le  iii:itter. iiitrogsn content, resctivity 
erc When considering co:il the hcteropciicity i i i i i i t  tx coii\idered siiice the s m i i l l  p ~ t i c l e s  uzzd in 
ptilveri:.cd fuel (pf) comhu\tion, depending o i i  thc ~xxil, tiiiiy be reg:trded its pure miiczritls or 
asswiations of iihiceT;iI\ 16-91 When c o i i d c i i i i g  t h c  iiitr<)gcii iii coid :ti  the iiiolcculsr level the 
nitrogen functioiiality i i i u c t  he <oii+leictl 'flit iiitiupcii 11i;iy he dc,cribed ;I\ pyrrolic, pyridintc or 
cluLterniiry iiitrogeii 

The objective o f  thi, paper was tu \rud) the rclc:i,e ut co.11 iiitrupcn :I\ NO, duriiig teinper:iture 
progrsmlned cuiiibustiuii uf co.il\ :iiid iii:iccr:iI\. with  the cii ipli bciiig o n  the identification of 
rc;i,.tive inteniiediste \PCLI~ \  ;iiid ;I ctlinp;iri\oii d tliz dii ierci i~~c\ k t u e c i i  iii:iicctls 



Experimental 
Materials used 

The characterisation data for the coals and maceral concentrates used in this study are given in Table 
1. Maceral concentrates were obtained by the density gradient centrifugation (DGC) technique 110- 
121. 

Temperature Programmed Combustion 

The temperature programmed combustion studies were carried out using a Thermal Sciences 
thermogravimetric analysis - mass spectrometer system (TG-MS). This system consisted of a 
thermogravimetric analysis (TGA) instrument coupled with a VG Quadrupoles 300 amu mass 
spectrometer. Gas sampling was carried out at two positions: I) approximately 1 crn directly above 
the sample and 2) at the exit o f  the therrnogravirnerric analyser. The former sampling point allows 
reactive intermediate species to be detected while the latter essentially samples the gases at 
equilibrium. The evolved gas profiles were me;~sured :it hoth snmpling positions. Approxiniately 5 
rng o f  the coal was used i n  each run. The s;imple w’as heated i i t  1.5 K iiiiii~’ in 20% oxygenhelium 
and the evolved gas profiles recorded.. The following mass/ch:irge (ni/z) ratios were monitored 
throughout the course of the reaction: 2, 11-65. 

Temperature Progrnmmed Pyrolysis 

The temperature progr;niinied pyrolysis was carried 0111 in  argon at ;I f low rate o f  50  cc niin-1 at a 
heating rate of 15 K iiiiii-l in :I simil:ir iii:inner IO the combustion experiments. In this case gas 
sampling was carried out at the esit of the t1ieniiogr;Ivimetric analyher. 

Results 

A comparison o f  the temperature programmed combustion required evolved gas profiles for I l l inois 
No. 6, i n  20% osygen/helium with sampling directly above the sample and at the exit o f  the 
thermogravimetric annlyser. These :ire shown in Figures l(a) and 1 (b) respectively. I t  is apparent 
that whilst there are similarities be twen  the twu sets o f  evolved gas profiles there are also marked 
differences. The profiles have ;I comples series o f  eniissions. The integrated gas concentration 
ratios for some o f  the species evolved during the temper;tture programmed conibustion o f  the Illinois 
No. 6 coal are given i n  Table 2. The CO and CO, profiles show ;I shoulder on the low temperature 
side. This corresponds to the evolution o f  s m a l l  Iiytlroc;irbons and tars. I n  addition, the CO/CO, 
ratios for gas sampling directly above the s;imple and :it [lie exit o f  the thermogravimetric analyser 
were 0.535 and 0.096 respectively. This clearly indic;~tes that CO is being formed and released into 
the gas phase where i t  is converted to CO, by homo:eneous gas phase reactions. Another noticeable 
difference i n  intensities is the increase in  ni/z 30 co~icentri~tion and decrease in m/z 27 concentration 
when comparing s;impling directly above the s;lmple and at the exit o f  the TGA. This can he 
explained by the conversion of  HCN released i n  the gas combustion process atid convened to NO by 
gas phase oxidation reactions. The fraction of coal nitrogen converted to NO is 0.362 when 
measured by sampling directly above the sample mid this increases to 0.961 when the gas sampling 
is carried out at the exit of the TGA. Not all of the ndz 27 and m/z 3 0  are HCN nnd NO respectively. 
Undoubtedly there are s i i i i i l l  contributions from hydroc:irhons. and/or fragmentation i n  the mass 
spectrometer which nuke ii contribution for solile ni/z ratios. When gas sampling is carried out 
directly above the s:iniple, ii  high CO concent r~~ l io~ l  is observed. Since NO is in relatively l o w  
concentration, there may be :I signific:~ni contribution to the NO peak from 1 T ’ ~ O .  This 



contribution can be corrected for by subtracting O.O02*CO peak. The peak which occurs at the 
. lowest temperature -300°C is consistent with the release o f  hydrocarbons. This precedes the release 

Of tars when the coal starts to pyrolyse. Figure l(a) shows that intermediate species such as COS 
and HCN are released during the temperature programmed combustion. Evolved gas profiles have 
been monitored for all m/z values i n  the range 14-65. I t  is apparent that when gas sampling is carried 
out directly above the sample many o f  the masses have weak profiles. I t  is diff icult to assign the 
peaks unequivocally to various species due to the complex nature o f  the mixture o f  gases evolved 
and fragmentation effects in the ma pectrometer. However, i t  is apparent that in some coals, a 
peak was observed for m/z 52 at the beginning o f  the char gasification region whereas no 
corresponding peaks were observed at ni/z 51 and 53. This peak was observed at the same 
temperatures as peaks at nl/z 26 and 27 corresponding to H C N  and its fragments. Therefore i t  i s  
reasonable to assign the peak at m/z 52 to (CN),. The evolved gas profiles for m/z 41, 42 and 43 
were all bimodal. The lowest temperature peak for m/z 43 occurs at a position coincident with m/z 
values which can be ;issigned to the evolution of sni;ill hydrocarbon species. The higher temperature 
peak for m/z 43 which occurs :it ;I similar ten1per:iitire to m/z 52 and 27 is possibly due , in  part, to 
HOCN. The evolved gas profiles ;it 41,42. 43. 5 2 .  60 etc ;ire either not observed or are very weak 
when gas sampling is carried out ;it the exit of thermogravinietric anelyser thereby confirming that 
reactive intermediate species can be detected by gas snnipling close to the sample during temperature 
programmed combustion. A suite of coals with ;I range o f  rank have been studied i n  detail, i n  
addition, to the co;il described above. 'l'hese include Blind Canyon and Pocohontas from the 
Argonne Premium Coal Sample Bank and Il l inois No. 6 from SBN. These reveal significant 
differences i n  the release of species s d i  ;IS COS. (CN), etc. during temperature programmed 
combustion. 

The corresponding temperature progrommcd pyrolysis profiles are shown in Figure I(c). I n  this 
case the gas sampling was carried out ;it the exit of the TGA. The results show that a range o f  small 
gaseous molecules CO,, CO, NO, N,, HCN, SO, and CH, are evolved over a range of 
temperatures. A t  the lowest temperatures low nio1:lr niiiss hydrocarbons were detected. Tars were 
condensed out and not detected. I t  is apparent that the teniperattlre programmed pyrolysis technique 
is capable o f  distinguishing the release of gaseous species. Some of the peaks, for  example, m/z 27 
(HCN) occurs at the s;me temperature for both the pyrolysls and combustion. 

The temperature progrenimed conibustion evolved gas profiles for the entrained flow reactor chars 
prepared frem Ill inois No. 6 itre shown in Figure 2. The results show similarities to the temperature 
programmed combustion o f  the r:iw coal. Tht. CO concentration measured by sqnipling directly 
above the sample is high but this is reduced when evolved gas sitnipling is carried out at the exit. 
The CO/CO, ratio decreases from 0.355 measured directly above the sample to 0.076 niensured at 
the exit o f  the TGA. I t  is apprtrent that the primnry product CO is again converted to COP by gas 
phase homogeneous reactions a s  i n  the coal studies. I n  addition the ni/z 27 peak (mainly HCN) 
virtually disappears and the m/z 30  (NO) ilicreiises slightly when gas sampling i s  carried out at the 
exit. The fraction of  ch:ir nitrogen converted to NO measured directly above the sample was 0.225 
and this increased to 0.399 when me:isiired at the r s i t  of the TGA. This i s  similar to the results for 
the corresponding corils but the effect is tiilicli snialler. This i s  consistent with the HCN released 
being converted to NO in the gas phase. Reactive species released durihg temperiiture programmed 
coal combustion. for exnniple, COS, ;ire not ohserved when gas smipling i s  c;irried o ~ ~ t  :II the exit of  
the TGA. 
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The temperature programmed combustion evolved gas profiles for vitrinite (density 1.2 - 1.27 g 
cm-3) and fusinite (density I .5 - 1 .6O g cm') with gas sampling directly above the sample and at the 
exit of the TGA are given in  Figure 3. As expected the vitrinite profiles are very similar to those 
obtained for raw coals with a pronounced shoulder on the low temperature side of the evolved gas 
profile. The corresponding CO and CO, profiles for the fusinite are niore complex consisting of 
several peaks and reach ;I maximum at a higher temperature than the vitrinite fraction as expected 
from the lower reactivity of the inertinite fraction. This is observed when gas sampling is canied out 
at both directly above the simple and at the exit of the TGA. The observation that the CO and CO, 
evolved gas profiles of the fusinite are more complex than the profiles of the vitrinite fraction may be 
due to a number of factors. The samples were prepared by the DGC and it may be that different 
types of inertinite fraction are being resolved in the temperature programmed combustion. Also, 
higher concentrations of mineral mntter were observed in the fusinite fraction and this may give rise 
to catalytic gnsificiition effects. The NO evolved gas profile for the fusinite showed a peak at -3OO'C 
followed by profile in the char gasificarion region which could be resolved into three peaks with 
similar temperatures to the CO and CO, profiles. The ni/z 27 (ni:iinly HCN) evolved gas profiles for 
gas sampling directly above the sample for the vitrinite and fusinite are both bimodal but these peaks 
virtually disappear when sampling is carried out iit the exit of the TGA. I t  is surprising that the m/z 
27 peaks occur at a higher temper:ctiire i n  the vitrinite concentrate than the fusinite. This may indicate 
structural differences. The ni/z 14 peak is also biniod;il when gas sampling is cnnied out directly 
above the snmple. The high teniperciture peak in  the profile is ;ilso observed when gas simpling is 
carried out at the exit of the TGA. This suggests th:it this peak is due to nitrogen. 

The integrated gas concentration ratios for some of the specxs evolved i n  the temperature 
programmed combustion of the niaceriils :ire givrii i n  Table 2. A cornparison of gas concentration 
ratios obtained when sompling directly above the s:imple :ind iit the exit of the TGA shows similar 
trends to those observed for the raw coals. I t  is evident from the CO/CO, ratio that substmtid 
amounts of CO formed in the combustion ;ire converted i n  the gas phase to CO,. Similarly a 
comparison of the two scinipling positions indicates that the NO/N rxio is higher while the (m/z 
27)m i.e. mainly HCN/N, was v i r t d l y  absent when g mipling is carried out at the exit of the 
TGA. This is most probably due to the conversion of HCN and other nitrogen containing species to 
NO in the gas phase mid is siniilx to the results oht;iined for the coals. 

Discussion 

Temperature programmed combustion is ;I useful technique for studying the release of nitrogen and 
sulphur species during the combustion of co;iIs wid chars. The evolved gas profiles have the 
following general characteristics 17, 8, 13-161. 

1. For coals, there is a shoulder on the low temperature side of the CO and CO, evolved 
gas profiles for the coals. This shoulder corresponds to the release of low molecular 
mass species and t:irs and i t  is :ibsent i n  the corresponding evolved gas profiles of the 
chars. 

The release of NO and HCN during temperntiire programmed combustion is complex 
with several peaks. For low rank cads the NO peak is ohserved for the release of volatiles 
and the gasification of the char. The Ixter is sometimes asymmetric consisting of a 
number of peaks. 

2. 

750 



\ 

I 

if 

3.  The NO profiles for the chars are delayed relative to the CO and C 0 2  profile. The NO 
profiles always reach a maximum at a higher temperature than the corresponding C02 
profiles. As :I result the NO/CO, and NO/CO profiles usually increase with increasing 
burn-off. The NO/CO and NO/C02 rdtios tend to decrease in the region where volatiles 
are released froni the coals. 

I n  this study, two gas simpling positions have been used: 1) -1 cm above the sample and 2) at the 
exit of the therniogrnvimetric analyser. The results of this study show that reactive intermediate 
species can be detected by sampling close to the sample undergoing combustion. Some of the 
reactive species which have been identified are COS, (CN),, HCN and CO as well as hydrocarbon 
species. These species are either not detected or are observed in  very much lower concentrations for 
sampling at the exit of the TGA. These studies have shown that under temperature programmed 
conditions there are ii number of well defined singes which can be assigned to the release of low 
molecular mass gases, tars and combustion products and char gasification. Therefore the 
thermogrnvinietric analyser - mass spectrometer ;illows the extent of gas phase reactions to be 
assessed. I n  comparison. pyroly nidies can also be carried out under temperature programmed 
conditions. 

Previous temperature progmmnied combustion studies 16-9, 13-161 of a suite of coals and chars 
covering a wide rnnge of rank have shown that the fraction of cocil/char nitrogen convened to NO 
decreases with increasing reactivity. These studies were ciirried out with the gas sampling directly 
above the sample. In  the case of the co;iIs, substclnti:il :mounts of HCN were detected and if this 
were assumed to be converted to NO thih would ii iotl ify the trend for conversion of the coal nitrogen 
to NO for gas sampling ;it  t h a t  position. 111 thehe studies the suite of coils studied covered a range of 
reactivities. Therefore the nitrogeii species :ire released over the different temperature ranges. The 
release of the NO miy vary with teniperature and this m;cp be B hctor which influences the observed 
trend. Isothermal reactivity studies have also shown that ;I similar correlation exists [ 161 between 
char reactivity and the fraction of char nitrogen converted to NO. Hence i t  is apparent from the 
trends that gas sampling of the temperature progr;lmmed combustion of the coals allows reactive 
nitrogen species to be detected and that the NO release is similar to that for the char. The results of a 
more detailed investigation show thiit ii range of reiictive species ciin be detected. 

Conclusions 

The use of temperature programmed combustion for studying the release of reactive intermediate 
species froni coal has been investigated. I t  is apparent that ;I comparison of gas sampling camed out 
directly above the sample nnd at the exit of the TGA shows that reactive species can be detected. 
Species detected include CO, COS, HCN. (CN),. The conversion of the nitrogen intermediate 
species to NO has been followed by the technique. I t  is apparent that temperature programmed 
combustion is a useful technique for following the r e l em of nitrogen and sulphur during coal and 
char combustion. 
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Characterisation data fo r  the coa 1. char. and mace r a l  concent r a t e b  

Coal/ Maceral  I l l i no i s  No6 I l l i no i s  No6 Coal  A Coal A 
. (APCS) Coal (APCS) C h a r  V i t r i n i t e  F u s i n i t e  

Proximate Analysis 
Volatile Matter (daf)/ % 47.39 4.43 41.97 35.76 
Ash (dry)/ % 15.48 29.84 1.21 31.26 

Elemental  Analysis 
C (daf)/ % 77.67 99.63 82.57 79.01 
H (daf)/ % 5.00 0.67 5.28 4.25 
N (daf)/ % 1.37 1.82 1.72 0.83 
0 (daf)/ % 13.51 12.16 15.68 

Random Relectancel % 0.43 0.43 0.65 0.65 

Maceral  Analysis 
Vitrinite/ % 85.00 
Liptinire/ % 5.00 
Inertinitel % 10.00 
Minerals/ % 18.10 

W Temoerature D roerammed combust ion  evolved pas -ation 

Sample c o /  COZ NO/ N H C N /  N 

I l l ino is  No6 (APCS) Coa l  
-Above the Sample 
-At the Exit 

-Above the Sample 
-At the Exit 

-Above the Sample 
-At the Exit 

-Above the S;mmple 
-At the Exit 

I l l ino is  No6 (APCS) C h a r  

Coal A V i t r i n i t e  Concentrate 

Coal A Fusini te Concentrate 

0.535 
0.096 

0.355 
0.076 

0.606 
0.067 

0.314 
0.082 

0.362 
0.96 1 

0.225 
0.399 

0.356 
0.546 

0.797 
0.893 

0.209 
0.036 

0.096 
0.016 

0.167 
0.025 

0.325 
0.053 
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Figure 1 Tenipcr:iture prograiiinicd evolved g:~s protiles for llli~iois No6 (Argoiiiie) coal 
in a) 20% oxygen/ helium with gas sanipliiig directly above [lie sniiiple, b) in 
20% oxygen/ tielium witti gas saiiip~iiig at ttie exit of the t~iernio~raviiiietric 
aii;ilyscr aiid c) i n  argoii with gas saiiipliiig 31 the exit of the tliemiograviiiietric 
analyser. 
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Figure 2 Temper:iture progrniilined co!llbustioli evolved gns profiles for Illinois No6 
(Argonnc) EFR cliar (I-PIT 1273 K) in 20  %oxygen/ Iieliuni with gus somplillg 
a) directly above [he s:imple atid b) at the exit of the thermogravimetnc analyser. 
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Figure 3 Teiiipermirc progr;imnled coiiihuslioil cvolved gas profiles for maceral 
coiiceii[I';iIcs derived from tail A i l l  20 % osygcnl Iielium with gas s;inipling B) 

directly above the saniple :md b) ;I[ the exit of the thermogrnvinletric analyser. 
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